Background The natural history of intracranial large artery atherosclerosis has been mainly described from lumen-based imaging studies, and much of what is reported to be known about atherosclerosis is derived from non-cerebral arteries. Aims To test the hypothesis that atherosclerosis is only partially represented by stenosis and that advanced atherosclerosis is more common that severe stenosis in noncardioembolic infarcts. Methods Cerebral large arteries from 196 autopsy cases were studied. The revised American Heart Association classification for atherosclerosis was used to determine the phenotype in each available artery. Cross-sectional lumen stenosis was obtained as defined by the Glagov's method. Results As age of cases increased, there was a progressive increment in the frequency of atherosclerotic lesions, rising from 5% of all arteries at age 20-40, to more than 40% at age 60 or older. Stenosis also increased with age: less than 3% of the arteries in those ≤50 years had >40% stenosis, while one out of five arteries in those >80 years had >40% stenosis. In most cases (80%), atherosclerosis and stenosis were directly related. However, one out of five cases with advanced atherosclerosis had <30% stenosis. In arteries supplying brain areas with noncardioembolic infarcts, the majority of segments exhibiting advanced atherosclerosis had lumen stenosis of <40%. Conclusion Although intracranial atherosclerosis is typically associated with stenosis, a substantial minority of cases shows advanced atherosclerosis in the absence of stenosis >40%. Definitions based solely on stenosis may underestimate the extent and role of intracranial large artery atherosclerosis.
Introduction
Intracranial large artery atherosclerosis (ILAA) is among the most important causes of stroke. However, most of what we know about ILAA comes mostly from studies using lumen-based definitions of atherosclerosis. The assumption that the severity of stenosis captures in its entirety the risk of subsequent vascular events may be incorrect. Although the risk of recurrent stroke in the territory supplied by the index stenotic artery was greater with stenosis >70% in the Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) trial, the majority of WASID participants (60%) had stenosis <70% at baseline, suggesting that most of the qualifying strokes occurred with lesser degrees of stenosis (1, 2) . It has been shown in a sample of cases with stroke that stenosis and atherosclerosis in cerebral arteries are associated with brain infarct in separate models, but it is yet undefined whether if used together, atherosclerosis or stenosis is independent predictors of brain infarcts or if the association would be true including cases without infarcts (3) . Furthermore, in coronary atherosclerosis, the majority of events occur in arteries with <50% stenosis (4, 5) . A second assumption in lumen-based studies is that the referent segment of the artery studied is normal. However, studies of atherosclerosis in coronary and femoral arteries suggest that neighboring areas of intima close to a focal stenosis are rarely normal (6, 7) . The referent arterial segment used to determine the severity of stenosis is very likely to include intimal thickening and thus luminal narrowing. As a consequence, what is believed to be a normal referent or true lumen is in fact already modified by ongoing atherosclerosis, leading to underestimation of the magnitude of the intimal thickening and lumen reduction.
Given the scarcity of studies contrasting detailed histopathological phenotypes with stenosis in cerebral large arteries, we tested the hypothesis that atherosclerosis is only partially represented by stenosis and that advanced atherosclerosis is more common than severe stenosis in arteries supplying brain areas with noncardioembolic infarcts.
Methods
Subjects for this study were drawn from the Brain Arterial Remodeling Study (BARS), a collection of large and penetrating intracranial arteries from cases with and without HIV assembled with the overall goal of studying brain arterial remodeling and cerebrovascular disease. For this analysis, we excluded cases with HIV. The sources of the autopsy cases in the BARS are four different brain collections from which demographic and clinical information were obtained as previously described (8, 9) . Ischemic brain infarct was ascertained in the autopsy in each case. Individuals who had ischemic infarcts and history of atrial fibrillation, endocarditis at death, mechanical valves, cardiac clots, or cortical infarcts in multiple arterial territories were considered to have cardioembolic infarcts. Infarcts in a subcortical location or a single arterial territory without cardioembolic sources were considered to have noncardioembolic infarcts. With the data available, we could not systematically discern between extracranial and intracranial atherosclerosis as stroke mechanisms.
All arteries of the circle of Willis were systematically extracted by the lead investigator (Jo. G.). Six-micron thick cross-sections were obtained from the proximal and distal segments of each paraffin-embedded artery, stained with H&E and elastin van Gieson, and digitized using Olympus Soft Imaging Solutions software and microscope (Münster, Germany), with 10× magnification and scale = 0·643 μm/pixel. Using color segmentation thresholding, areas within the lumen, internal elastic lamina (IEL), media, and adventitia were obtained and corrected for shrinkage (9, 10) . Stenosis was calculated by dividing the actual lumen area by the area encircled by the IEL (or potential lumen) and multiplying by 100 as described by Glagov et al. (10) . A graphic explanation of this method has been previously reported with good to excellent reliability (9, 11) .
We used the revised classification of atherosclerosis lesions as described in Virmani et al. (12) . This classification includes nonatherosclerotic phenotypes like normal intima, xanthoma, and adaptive intima thickening, as well as lesions typically deemed pre-or atherosclerotic such as pathological intima thickening (PIT), fibrous cap atheroma (FA), thin fibrous cap atheroma (TFCA), and fibrocalcific plaques. However, the definition for TFCA was modified for this study because we lack immunologic data regarding plaques inflammation to assess for plaque vulnerability (12) . We used instead the median distance in microns from the more luminal border of the necrotic core and the lumen by artery type (e.g., ICA, ACA, MCA, VA, etc.) to attribute the phenotype TFCA (below the median) vs. FA (above the median; Fig. 1 ). A 5% sample of arteries from the BARS was used to calculate inter-rater reliability with a senior neuropathologist (Ja. G.) being the second rater. Visual assessments for the rest of the arteries were made by Jo. G. under the guidance of co-author senior neuropathologists (S. M. and Ja. G.) and a vascular pathologist (R. V.). Using the ratings as a normalized distribution scale, the intraclass correlation coefficient was 0·85 (95% CI 0·76-90, excellent reliability). Categorizing lesions into advanced atherosclerosis (FA, TFCA, or fibrocalcific plaques) yielded κ = 0·72.
Statistical analysis
Percentages of histopathological arterial phenotypes and mean stenosis were used as outcomes. Stenosis was further arbitrarily categorized as 0-20, 21-40, and > 41%. We used a mixed model to assess the relationship between atherosclerosis as predictor of stenosis, and adjusted logistic for age, gender, race/ethnicity, and vascular risk factors. A P value of <0·05 was considered statistically significant. Statistical analysis was carried out with SAS software, version 9·3 (SAS Institute Inc., Cary, NC, USA) and the graphs were produced with IBM SPSS Statistics 21 (Release 21.0.0, IBM Corporation, Yorktown Heights, NY, USA).
Results

Sample studied
This analysis included 196 cases with a mean age of 55 years (±17 SD, median 51, range 21-102 years). There were 63% men, 74% non-Hispanic whites, 14% Hispanics, and 12% non-Hispanic blacks. Hypertension was present in 39%, diabetes in 15%, dyslipidemia in 20%, and smoking in 49%. The prevalence of ischemic infarcts was 16% (n = 32, 13 were cardioembolic, 15 noncardioembolic, and 4 were unclassifiable). The mean number of arteries per case was seven.
Fig. 1
Intima xanthoma is defined as the presence of foam cell in the intima with minimal intima hyperplasia (arrow). Intima thickening occurs as a result of intima hyperplasia and extracellular matrix deposition (arrow). Pathological intima thickening consists of deposition of lipid loosely arrange in the intima without clear confluence and without cholesterol clefts observed. Fibrous cap atheromas have a necrotic core, defined as a focal, well-defined accumulation of lipids, cholesterols clefts, and devoid of cellular elements (encircled in black). The necrotic core is separated from the lumen by a thick fibrous cap (red bar). Thin fibrous cap atheromas are distinguished from the thick fibrous cap atheroma by a thinner cap separating it from the lumen (green bar). Fibrocalcific plaques demonstrate large, confluent areas of calcification in the intima (arrows) with or without atheromas. The degree of lumen reductions is variable with more advanced degrees of stenosis.
Atherosclerosis prevalence by age and location
With increasing age, the prevalence of intima lesions typically considered atherosclerotic rose from <5% in donors in the 20 to 40-year age group to 40% in donors 60 or older ( Fig. 2a ). There was a spectrum of pathologies within individuals, however. For example, 54% of subjects had either normal intima or xanthomas with minor degrees of adaptive intima thickening, 21% had coexistence of PIT with either normal arteries or xanthomas, and 17% had FA or TFCA coexisting with normal or minimally altered arteries. Only 8% of the sample had all arteries with some degree of intima thickening and >50% of the arteries in these cases had evidence of advanced atherosclerosis.
Among cases with arteries from both hemispheres, 48% had no atherosclerosis on either side, 19% had PIT in one side and no atherosclerosis on the other side, 15% had at least one TFCA or FA in one side and no atherosclerosis on the contralateral hemisphere, and 18% had TFCA, FA, or PIT in both hemispheres. Comparing the anterior vs. the posterior circulations disclosed that 51% of the cases had no atherosclerosis in either system, 18% had PIT in one circulation and no atherosclerosis in the other, 11% had FA or TFCA in the posterior circulation and no atherosclerosis in the anterior circulation, while only 6% had atherosclerosis in the anterior circulation and no atherosclerosis in the posterior circulation. Fourteen percent of the sample had FA or TFCA in both the anterior and the posterior circulation.
Stenosis prevalence by age and location
Stenosis also rose with age: stenosis >40% was rare in cases ≤40 years while the oldest groups had greater degrees of stenosis ( Fig. 2b) . Analyzing the spread of stenosis within each case disclosed arteries with minimal degrees of stenosis coexisting with arteries with a maximum stenosis that varied from 10% to a maximum of 70%. However, the average difference between the lowest and highest degrees of stenosis among the arteries within each case was within 12%, suggesting a high degree of concordance in stenosis within individuals. For example, comparing the average stenosis from arteries in the anterior circulation to that of the posterior circulation demonstrated that their mean stenosis differed by <5% in 64% of the subjects, by 6% to 10% in 26%, and by 11% to 21% in only 10%. The average arterial stenosis of one hemisphere vs. the contralateral showed that both means were within 5% of each other in 75% of the cases, between 6% and 10% in 19%, and between 11% and 15% in only 6% of the cases.
The average difference in stenosis between proximal and distal segments of the same artery was between 4% and 5% for all arteries. In only a minority of occasions (9%) the difference in stenosis between the proximal and distal portion of the same artery exceeded 10% and the maximum difference was never greater than 22%. However, the concordance in stenosis within the same arterial segment decreased as the average arterial stenosis increased.
Correlation between stenosis and histopathological phenotypes
As atherosclerosis progressed in severity, the degree of stenosis rose (Fig. 3a) . However, less than 50% of arteries with FA or TFCA had stenosis that exceeded 40% (Fig. 3b ). Plotting the extent of atherosclerosis against the extent of stenosis in arteries from the same case showed that as the extent of atherosclerosis progressed, the extent of stenosis generally progressed with it. However, there were a large proportion of cases that had at least one FA or TFCA while the degree of stenosis did not exceed 40% in any of these arteries. Despite the discrepancy noted in stenosis vs. atherosclerosis, the relationship between advanced atherosclerosis as a predictor of stenosis remained significant after adjusting for gender, age, and vascular risk factors (Beta coefficient 16·04 ± 0·84, P ≤ 0·001).
Stenosis vs. atherosclerosis in noncardioembolic infarcts
We matched the supplying artery to the infarcted territory in 12/15 noncardioembolic infarcts (Table 1 ). There were 5 out of 12 cases that had predominantly small artery disease, while in 7/12 there was coexistence of advanced ILAA with small artery disease. Among cases with ILAA, 11 arterial segments exhibited FA or TFCA, and among these advanced atherosclerotic lesions, six had As age of cases increased, there was a progressive increment in the frequency of atherosclerotic lesions, rising from 5% of all arteries at age 20-40, to more than 40% at age 60 or older (a). Stenosis also increased with age: less than 3% of the arteries in those ≤50 years had >40% stenosis, while one out of five arteries in those >80 years had >40% stenosis (b).
Research luminal stenosis of <40%. In an adjusted model with age, gender, and vascular risk factors, advanced atherosclerosis (OR 7·61, 95% CI 1·8-32·8) was associated with noncardioembolic independent of stenosis >40% (OR 0·21, 0·1-1·4).
Discussion
We report here that the degree of stenosis and atherosclerosis in the cerebral arteries rose with age. The degree of stenosis was more concordant among arteries within each case while the distribution of advanced atherosclerosis appeared more heterogeneous. Furthermore, advanced atherosclerosis was found in brain arteries with relatively minor degrees of stenosis. In arteries with advanced atherosclerosis supplying brain areas containing infarcts, the majority of TFCA or FA had arterial stenosis of <40%. These findings suggest that the degree of stenosis does not fully account for cerebral atherosclerosis burden.
Although we recognize the limitation of cross-sectional data, the results presented here enrich what is known about the natural history of cerebral atherosclerosis. We suggest that as individuals age, the stresses of blood flow lead to adaptive intimal thickening and xanthomas formation in cerebral large arteries. These compensatory responses are deemed normal and in the majority of cases regress (12, 13) . However, in a minority of individuals between 20 and 40 years old, arteries may undergo pathological intimal thickening (14) . As individuals age further, there is progression of the intimal disease evolving into FA, a lesion characterized by a necrotic lipid-filled core, recognized by the confluence of lipid material, typically localized in the intima near to the media, with visible cholesterol clefts and evidence of macrophages apoptosis (12, 15) . This lesion is pathognomonic of atherosclerosis and it is separated from the lumen by a thick fibrous cap (Fig. 1) . As atherosclerosis progresses, there is incremental tissue deposition in the intima that leads to stenosis. The IEL degenerates and is observed with gaps and duplications as the intimal disease progresses (14) . Due to factors not entirely clear, the intima expansion varies among individuals, however, giving rise to heterogeneity of lesions that range from atheromas with lumen preservation to atheromas with near occlusive stenosis.
We found a wide discrepancy in the extent of atherosclerosis between hemispheres and among the anterior and the posterior circulation. In contrast, the degree of stenosis across different arterial bed was more uniform, especially within the same arterial segment. These findings fit well with prior results demonstrating the presence of atherosclerotic plaques contralateral to a symptomatic MCA, although the degree of stenosis, neoangiogenesis, and lipid core was higher ipsilateral to an ischemic stroke (16, 17) . It is not clear why there exists this differential progression of atherosclerosis within the same individual. A possible explanation might be related to differential blood flow exposure in the brain as reflected by the heterogeneous caliber of brain arteries, presumably acquired in utero as an adaptive response to the differential growth of the brain parenchyma (18) (19) (20) . This congenital asymmetry might expose one hemisphere or an arterial bed to oscillatory wall shear stress that the other arteries are not exposed to, rendering these arteries susceptible to develop atherosclerosis (21) . In fact, in our sample the proximal segments of the cerebral arteries right after a bifurcation showed greater degrees of stenosis and atherosclerosis (8) . The progressive narrowing of the lumen in one arterial bed might lead to increased flow in collateral arteries. This might be a reason why in the majority of cases, atherosclerosis was limited to an arterial territory and was not widespread as we expected it would be. Our inferences, although plausible, remain to be verified.
The clinical impact of this study is important. It has long been a concern that lumen-based studies may underestimate the degree of atherosclerosis and that stenosis per se does not fully capture the risk of vascular events (22) . The results presented here add support to the notion that ILAA is more commonly confined to an arterial bed and their daughter arteries than generalized to all cerebral arteries. However, when clinicians diagnose ILAA using lumen-based studies such as computed tomography angiography, magnetic resonance angiography, or less frequently conventional angiograms, they look for a dent in the lumen or luminal irregularities within the same artery as supportive evidence. With this Fig. 3 As the severity of atherosclerosis rose, the mean stenosis also increased (a). However, a substantial minority of arteries harboring lesions typically considered of advanced atherosclerosis (i.e., fibrous cap atheroma, thin fibrous cap atheroma, and fibrocalcific plaques) had no greater than 40% stenosis (b). logic, a greater differential in stenosis among neighboring segments within the same artery would facilitate visualizing a stenosis. Here we report that in the majority of cases with stenosis within the same artery, the differential rarely exceeds 10% and the differential range in stenosis increased as the disease increased in severity. It is likely that by the time the sought evidence of ILAA in lumen-based studies is found, the degree of stenosis as defined by cross-sectional lumen reduction nears 40%. As a consequence, the specificity of lumen-based stenosis is greater than its sensitivity to detect advanced atherosclerotic lesions. Some encouraging results have been published regarding the diagnosis of cerebral atherosclerosis with intravascular ultrasound and 7T magnetic resonance imaging (MRI) in pathological specimens, but the clinical utility of these techniques remains limited and the precision to distinguished specific atherosclerotic phenotypes other than eccentric vs. concentric is not always convincing (23, 24) . We hope that the reemergence in interest for pathological data to study the biology of the cerebral arteries may guide more precise definitions of atherosclerosis to be used in high-resolution MRI. The most important limitation to this report is inherent to autopsy reports: the progressive nature of the disease is inferred by changes observed in certain groups that are assumed to be a continuum across different ages. We were not able to obtain every single artery of the circle of Willis in all cases, and we were not able to evaluate for extracranial carotid disease, which limits the certainty about stroke etiology in noncardioembolic infarcts. Also, a minority of the cases here are not from the United States, which might introduce bias inherent to different environments, and although controlling for vascular risk factors might partially account for this, it is possible that other unmeasured variables might be responsible for some of the reported associations. Finally, our definition of fibrous cap atheroma might not identify arteries with atheromas at a higher risk of rupture, given the lack of inflammation data.
Conclusions
The majority of the cerebral large arteries undergo pathological changes with aging. These changes consist of atherosclerosis with the progressive development of PIT, FA, and eventually the thinning of the thick fibrous cap separating the atheromas from the lumen leading to TFCA. There is a parallel increment in stenosis with atherosclerosis, although in some cases the intima expansion is dissociated from the development of pathological features of atherosclerosis typically associated with clinical events. Advanced atherosclerosis was common in arteries supplying brain areas with noncardioembolic infarcts, and among these arteries, only a minority of lesions with advanced atherosclerosis exhibited stenosis >40%. Quantifying better ILAA in living individuals should be a top priority for researchers in the field, and once achieved, new openings for novel risk stratification and perhaps treatments can be foreseen.
